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Proton decay

e Baryon asymmetric process
— p—et+nl, etc
— Baryogenesis
— GUTs scaling physics
(in the SM, 7(t — ety v,) ~ 10 yr by anomalies)

— Mediated by colored and flavored heavy particle

* Low energy matrix element
— p — [PS + lep] lifetime, Br, ...
needs QCD matrix element
= model prediction



GUTSs

Baryon number breakings
— Mediated by X boson
minimal SU(5), dim 6 Op
predicts 7(p — 7’e™) ~ 10°° yr
= ruled out by recent SK results

Oi(/i) = (qq)r(ql)r

— Mediated by colored sparticle, Higgsino
(or wino)

SUSY SU(5), dim 5 Op
increase lifetime, dominate

p — KT + 7 mode




Proton lifetime limit

e Recent Super-Kamiokande results:
Texp(p — meT) > 1.01 x 10°* yr (SK, 2009)
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Matrix element
Ci(M)Oi(M)/ MGUT2

* Expansion to dim 6 coupling
Laur = Lom + Y Ci(1)Oi(p) /My

C, depends on type of GUTs model
<7T €+|p>GUT - Z C O|Oudu|p> Ue+

=01

Ogbrc = (¢aqv)Tger : 3 quark operator

* Decay width (PS; 5lOLT

m M\ 272 . 5 abe
)
p i

3272
W,! : determine from QCD matrix element

|Nk 8> Vet

= |attice calculation is needed



Lattice QCD

* The first principles of QCD
Determination of [p — PS] matrix element

0
< |(ud)u, [p>

Phenomenological estimate:
W, (p—m) = 0.1 -- 0.4 GeV?

I ! [

phenomenology
lattice QCD quench

lattice QCD 2f
lattice QCD 3f

W, [GeV?]

Wilson fermion

Lattice results:
W, (p—m) = 0.1 -- 0.2 GeV?

JLQCD domain-wallffermion

a=0.1 fm RBC

LN ”
| direct method

4 Proton lifetime ~ O(m3/W?)
= factors of O(10) uncertainties

2000 2010



RBC/UKQCD efforts

* RBC(2007) Y. Aoki et al.
PRD75 014507, hep-lat/0607002

— Direct/indirect method in Quench DW
— Dynamical effect (indirect method)
— Non-perturbative renormalization (NPR)

* RBC/UKQCD(2008) . Aoki et al.
PRD78 054505 arXiv:0806.1031

— Indirect method in Nf=3 full QCD with dynamical DW
— NPR

 RBC/UKQCD(2011) Y. Aokiet al. for RBC/UKQCD in prep.
— Direct method in Nf=3 full QCD with dynamical DW
— 2.4 fm3 and pion mass: 315 -- 615 MeV
— NPR



W, from lattice QCD

 |ndirect method JLQCD(2000), Y. Aoki (2007)
— Via soft-pion theorem,

(0(ud)Lulp) = aup, (0|(ad)gulp) = Buy
— Low-energy-constant is determined by 2pt function which
easily and cheaply computes.

— Through Chiral perturbation theory, matrix element

T T

o
W()L(Woép)z\[—zf(l—FD%—F) L
p——lt-—e P — e

— Uncertainties remain in soft-pion theorem from large mass
and momentum




W, from lattice QCD

Direct method CP-PACS(2000), Y. Aoki (2007)
— Computation of 3pt function including B violating operator
— Ratio provides matrix element and W,

- L/R
RL/R: <9|JPS(p7tPS)qu/q ( D, )J (Ot |O \/7‘/
<O|Jp(07tp)‘] (O O)|0><O|JPS(p7tPS)JPS(p7

L/R
Rt>él ™~ <PS|05q/qR|p>

rr’
) uUusu

<€
(—L]

* No intermediate model including the above estimate
* Individually obtain W, which depends on finial meson state.




In quench QCD

Y. Aoki (2007)

| ! | ! |
—<7t0|(ud)RuL|p> —e— ——
<7t0l(ud)LuLIp> —— ——
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Mus)u, lp> — -+ ¢ direct
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~<n'l(ud) u, Ip>
<n’l(ud), u, Ip>
<K'I(us)u, Ip>
<K’l(us) u, Ip>
~<K'I(us)d, Ip>
<K'I(us), d, Ip>
-<KI(ud),s, Ip>
<K'I(ud), s, Ip>
-<KI(ds)u, Ip>
-<KI(ds), u, Ip>
<nl(ud)u, Ip>
<T]I(ud)LuLIp>

In full QCD

IIIIIIIIIIIIIIIIIIIIII

RBC/UKQCD in prep.

® N'.=2+1, "direct"
A Quench, "direct"
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* There is no significant discrepancy between each results.
 Statistical and systematic errors are still large.
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Error budget

Wo(pn = 2GeV) GeV? Extrapolation O(a?) AZ Aa™!

— (79| (ud) guy,|p) 0.103(23)(34) 0.033 0.005 0.008 0.004
0 < uncertainty of

(7| (ud) g, |p) 0.133(29)(28) 0.026 0.007 0.011 0.005 extrapolation to
(K| (us)ruL|p) 0.098(15)(12) 0.007 0.005 0.008 0.003 physical pion mass
(K| (us)ug |p) 0.042(13)(8) 0.007  0.002 0.003 0.001 'S 3(’10 % error,
—(K*|(us)rdy|p) 0.054(11)(9) 0.008 0.003 0.004 0.002 gtnaﬁsﬁca| error is
(K+|(us)dy|p) 0.036(12)(7) 0.007 0.002 0.003 0.001 also 20 %.
—(K*|(ud)gsr|p)  0.093(24)(18) 0.016 0.005 0.008 0.003

(K+|(ud)s|p) 0.111(22)(16) 0.012 0.006 0.009 0.004

—(K+|(ds) gur,|p) 0.044(12)(5) 0.003 0.002 0.004 0.002

—(K*|(ds)pug|p) 0.076(14)(9) 0.006 0.004 0.006 0.003

(n|(ud) guy, |p) 0.015(14)(17) 0.017 0.001 0.001 0.001

(n|(ud)Lur|p) 0.088(21)(16) 0.014 0.004 0.007 0.003
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Future plan

* Improvement of statistical errors
— New algorithm, LMA/AMA in which computational cost can be

reduced by factor 1/10 -- 1/100.
* Improvement of systematic errors

Izubuchi and Shintani in prep.

— Computation in more realistic lattice parameters

— Reduction of chiral extrapolation uncertaity using small quark mass

= ~10% accuracy

Lattice size | Physical Lattice L, Gauge action | Pion mass

size spacing
243x64 2.7 fm3 0.114 fm 16 lwasaki 315 -- 615 MeV
323x64 2.7 fm3 0.087 fm 16 lwasaki 295 -- 397 MeV
323%x64 4.6 fm3 0.135fm 32 DSDR 171 -- 241 MeV
483x96 5.5 fm3 0.115 fm 8 lwasaki 135 MeV




Backup



sl UG el SN =

non-perturbative renormalization

To avoid lattice perturbation theory: expansion poorly converges
RI/MOM scheme constructed: [YA et al., PRD75(07)014507] = NLO matching to MSbar

Exact chiral symmetry = multiplicative renormalization

. . . 73/2 71

DWEF has negligible chiral symmetry breaking g “ij
| 3@ T T T T T
- PATES e, e RN rl I 3
In general, mixing occurs N e LLADY) o iﬁ:‘fsﬁ =
Oni = (FPnd)- Pys . %&%%“ e
_ 09 — 3
Op = (U_CP rd) - Prs osE diagonal 3
OA(LV) — (ucryuf)/f)d)'PL,)/NS g.z'IIIIIII[IIIIIIIIIIIIIIIIIII[IIIIIIIIIIIIIIIIIIIIIII"
B 0 RULY AT B AR ik RAR RS BRI RAAY PRI R LA~
e off-diagonal 3
Z: diagonal matrix: practically no mixing! 005 -% s
e -0.02 EZI‘ 8 Q:E
UMS—lat(y = 2 GeV);; = 0.662 + 0.010 01f 3
R 3
UMS—att (4 = 2 GeV)p, = 0.665 * 0.008, 20 G b S T

2
+8% O(0.s?) error [RBC/UKQCD YA et al. PRD78(08)045051
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P decay operator

* Weinberg rep.

O(,‘lbbcd — (DiuUg)R(qgan)Lé“ij%aﬁ,
Oped = (6% @)L (UF, 1a) pe*e?,
Ompea = (4.%,0)7)L(a7,15) e7*ee™,
Oibcd — (DZ,Ug)R(Uf,ld)Re”"’

a,b,c,d : generation, a,f,y,0: SU(2) indices
1,J,k: color indices
General form of three quark:

Oupe = (qaqv)rger = (g, 'CPrq))Prighe’’"
and matrix element

<PS;}5](’)FF/ |N; k. s)  s:nucleon spin

abe
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P decay operator

* Parity invariance

(PS; PlOYE|N; E, s) = v4(PS; —p|OFE|N; —F, s)
(PS; POYE|N; k, s) = v4(PS; —p|OTE|N; —k, s)

e Relation on [p,n]—PS decay mode
(m)OL By = (x%OLFn),
(wH|om i) = —(x7|0F ),
(KO Ep) = —(KH|0Ln),
(KHOL D) = —(K°05. ),
(KHOL D) = —(K°05 ),
(KF|07p) = —(K°|oyn),
oL ) = —mloy/fn)

In the isospin limit (z+|O
= total numberis 12

LIy = V(0|0

L/R
udu

p)

-
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W, in direct method

1 |
— ﬁ(_Tz + T3 +T* +1°),

— Tl +T2,

= T3+T4 / <

— _T4 o T5

1
— %(le +T? +T° + T* 4+ T°),



Results of W,

* For W,tt[p — nt']

e Constant fit for
plateau region

* Fit range [12,20]

* Large fluctuation at
the lightest mass
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Chiral extrapolation

* W, [p — nt’] at g2 = 0 point

S : 0

- LL, 0
| W0 (m ->p) N
— 4 pt linear, % /dof~2.2

15 , _
0 5_ === 3 pt linear, y /dof~2.1 |
o W (phys, 4pt. fit) N
W _(phys, 3pt. fit)
v VPRSP 0.05
> 0.1 . >
= k
[
0.05 -0.1

— T
RL
L W(J (p->7t0)

— 4 pt. linear, 3 /dof~2.8

== 3 pt. linear, x2/d01‘~0.7
+ W (phys, 4pt)
+ W, (phys, 3pt)

L L L L L L L L | L L L L L L L L L
0 0.05 0.1 0.15 0.2 0
2
(am, )

 Linear extrapolation for 2 momentum
— deterministic
e After that chiral extrapolaton:

(am,)

f(m?r,ms) = Wy + xlmfr + zo(ms — mg’hy)

02

20



RBC/UKQCD efforts

* Lattice size

— 243 in spacial, 64 in temporal direction

— a~1=1.73 GeV,

— 1.83fm3size

— lwasaki-type gauge action + dynamical DW
* Domain-wall fermion

— Chiral improved fermion by L, = 16

— Suppressed O(a) error from x breaking

and unphysical operator mixing

— Z factor from NPR Y. Aoki (2008)

— m=0.005, 0.01, 0.02, 0.03, m=0.03

— m_=0.3 GeV ~ 0.8 GeV



In the soft-pion limit

* Difference between W, [pM = 0] and ChPT

T T T T I T T T T | T T T T T T T T
-<m,l(ud),u, Ip> —
<m,l(ud) u Ip> —
<KOI(US)RULIP> ———
<K0|(us)LuL|p> ————
<K I(us),d, Ip> -
<K I(us), d, Ip> o
-<K+|(Ud)RSL|p> PR —
<K, I(ud), s, Ip> — e
-<K I(ds),u, Ip> ——
<K I(ds), u, Ip> —
<n|(Ud)RuLIP> —e—
<nl(ud), u, Ip> | .
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
-0.1 -0.05 0 0.05 0.1



